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INTRODUCTION

Many of the ceramic materials being investigated for use in heat engines,
especially the so-called "adiabatic" diesel engine, are toughened with zirconia.
Those materials include transformation toughened zirconia (TTZ) and tetragonal
airconia polycrystal (TZP), as well as sirconla toughened alumina (ZTA), among
others. Zirconia based materials are of interest due to their low thermal conduc-
tivity (necessary for good thermal insulation) and high thermal expansion (desired
for attachment of the ceramic to the metal in the engine), as well as their out-
standing failure strength and fracture toughness.

The room temperature aechanical properties of these sirconla materials have
been studied but little was known about the effects of exposure to moderate temper-
atures (1000 C) on these properties. The effects of tim-at-temperature become
important as the "adiabatic" (or low-heat-rejection) diesel is expected to operate
at temperatures of about 10000C and for lifetimes of >5000 hours. This operating
temperature (10000 C) ti in the range where a stable phase transformation of sirconia
occurs, and is also high enough for grain growth in the mterial. Both phase trans-
formation and grain growth can cause degradation of mechanical properties such as
strength and fracture toughness.

Both TTZ and TZP are partially stabilized sirconias, but the stabilizers used
are different in each: KSO and CaO are commonly used in TTZP and Y2 0a is used in
TZP, although other rare earth oxides are being investigated for use In the TZP ma-
terial. The main toughening mechanism of TTZ occurs as small (-0.2 us) metastable
tetragonal precipitates In the large (10-40 us) astrix grains which transform to the
stable mooclinic phase as a crack propagates through the material, abeorbing some
of the fracture energy (thus the designation "transformation touShening"). The pre-
cipitate microetructure is formed during an "ageing" anneal of the sirconia material
at teperatures typically greater than 14000 C. The tetragonal precipitates will
spontaneously transform to the monoclinic phae due to the lattice mismatch stress
if they become larger than about 0.2 on, with an accompanying loss of strength and
toughness in the bulk material. This decrease In mechanical properties with in-
creasing ageing time is commonly referred to a "overageing."

The TZP material has a totally different microtructure from that of the TTZ;
it consists of fine (-2 on) tetragonal grains, with some monoclinic phase only as an
impurity at the grain boundaries. In this material, the tetragonal phase is mets-
stable and exists at room temperature only because the grain size is so small. The
exact mechanism for the toughening in this material is not well understood. If
grain growth occurs at elevated temperatures, it would be expected that the tetra-
gonal grains In TZP would transform to the ionoclinic phase with the resulting
degradation of properties.

This research project, to determine the effect of time-at-temperature on the
properties of toughened ceramics, was carried out In two parts. The first part was
a screening of several mterials to determine if the expected phase and related
density change did indeed occur and at what temperatures and times the effect became
severe. In the second pert, billets of several different brands of sirconia-based
materials were obtained, lend specimens were machined fro the billets and were
then heat treated. After the heat treatments, a variety of tests were performed on
the specimens, including fast fracture and fracture toughness testing. High temper-
ture testing consisting of stress rupture and stepped temperature stress rupture

was also performed.



SCREENING OF MATERIALS

In the screening, small coupons (5 x 5 x 3 me in size) of five materials [three
TTZs, one TZP, and a fully stabilized zirconia (FSZ) for comparison] were examined.
The coupons were cut from a few bend specimens supplied by the Cummins Engine Com-
pany. Table I gives the available information on these five materials. The as-
received density and sonic modulus of elasticity (HOE) of each coupon was measured.
The phase content was determined via x-ray diffraction techniques on polished sur-
faces, and photoicrographs were taken of the samples. One coupon of each material
was heat treated in a laboratory furnace in air at each of five temperatures for a
given time. The coupons were polished; density, HOE, and phase content were again
determined; and photoicrographs were taken. The coupons were then placed back in
the furnace for another heat treatment. This procedure of heat treatment and
property determination was repeated several times for each coupon. The temperatures
and total times examined were 900, 1000, 1100, 1200 and 13000 C, and 50, 100, 250,
and 500 hours respectively. The heat treatments consisted of a fast heat to temper-
ature (-4 hours), a hold at temperature, and natural cooling. Since the furnaces
cooled rapidly from temperature to less than 8000C (a temperature at which no
changes were expected in the materials), the heat up and cooling times of the heat
treatments were ignored.

Table 1. MATERIALS USED IN THE SCREENING OF ZIRCONIA ATERIALS

Material Code Stabilizer Supplier Supplier's designation

C MT M9O Nilsen, USA unknown

G T"z Wj Coors Porcelain Co. 2I (1981)

J FSZ Y203  Coors Porcelain Co. zDY (1981)

K Trz M9O Psrican Peldmjehle Corp. Unknown

T TP Y2o3  Z Sparkpug unknown

Table 2 gives the measured densities of the coupons after heat treatment. No
standard deviations are given, as only one sample for each time and temperature was
available. This is also the reason why the densities do not change smoothly. The
general trend, though, is for the density to decrease from the as-received value
(zero hours) as the time of the heat treatment increases, with the amount of the
decrease In density increasing with Increasing temperature. The magnesia stabilized
materials (C, G, and K) showed the largest change in density with heat treatment,
while the yttria stabilized materials showed the least change. The decrease in
density was due mainly to an increase in volume with little or no decrease in mass.
Figures la through le show the percent change in density as a function of time and
temperature for the five coupon materials.

The coupons were carefully polished after the heat treatments to remove the
surface layer caused by machining and heat treatments, and to expose a "bulk" sur-
face. Appendix A gives the polishing procedure. X-ray diffraction patterns of the
"bulk" surfaces were obtained in order to determine the phase content (Appendix
5). The magnesia stabilized materials showed increases in the monoclinic phase
content after short times at relatively low temperatures (Table 3), while material
M, which is yttria stabilized, did not show any large change in phase content until
longer times at higher temperatures. Material J, which is fully stabilized by
yttria, did not show any change in phase content, as shown in Table 3. Figure 2

2



Table 2. DENSITY OF THE COUPONS AFTER HEAT TREATMENTS*

P 3  P P 3  P 3  P 3(g/cm) ( /c3) (g/a (g/an) (gtc

0 hr 50 hr 100 hr 250 hr 500 hr
Material C

9000C 5.692 5.596 5.652 5.650 5.623
10000C 5.668 5.704 5.591 5.642 5.615
11000C 5.709 5.644 5.581 5.563 5.508
12000C 5.713 5.584 5.562 5.535 5.482
13000 C 5.689 5.559 5.394 5.365 5.170

Material G**
9000C 5.125 5.095 5.067 5.030 5.023

10O00C 5.166 5.136 5.073 5.134 5.093
1100°C 5.078 5.051 5.824 4.936 4.890
1200OC 5.051 4.908 4.808 4.790 -
13000C 5.059 - - - -

Material J
9000C 5.504 5.488 5.502 5.460 5.406
lOO 0C 5.522 5.526 5.484 5.495 5.473
11000C 5.552 5.540 5.478 5.478 5.443
1200°C 5.503 5.479 5.435 5.400 5.380
1300°C 5.494 5.475 5.419 5.377 5.236

Material K
9000C 5.705 5.727 5.709 5.701 5.664
10000C 5.737 5.718 5.649 5.628 5.565
1100i C 5.723 5.598 5.556 5.550 5.509
12000C 5.717 5.591 5.550 5.487 5.485
13600 C 5.720 5.610 5.392 5.376 5.310

Material M
9000C 5.731 5.723 5.690 5.679 5.650
10000C 5.690 5.688 5.634 5.654 5.637
11000C 5.722 5.708 5.714 5.708 5.658
12000C 5.701 5.659 5.691 5.607 5.651
13000 C 5.729 5.675 5.636 5.682 5.548

Estimated error in the measured densities is + 0.5%

SDensities were not determined on sane of the G coupons as they were chipped
after heat-treatment

shows the volume percent monoclinic phase as a function of time and temperature for
four of the five coupon materials. (Material J is not shown, as it did not show any
changes in phase content throughout the heat treatments.) Although high resolution
microscopy was not performed on the magnesia stabilized materials for verification,
the assumption is that the change in monoclinic phase content is due to spontaneous
transformation of the metastable tetragonal precipitates as they grew larger than
the critical size.

The phase content of the uirconia coupons was calculated as volume percents of
monoclinic and [tetragonal + cubic) phases. The amounts of cubic and tetragonal
phases were not determined separately. Some of the coupons were 100% monoclinic
after heat treatments, i.e., no peaks were apparent on the powder x-ray diffracto-
gram in the position where the tetragonal and cubic peaks would be expected. This
implies that not only the tetragonal phase, but the cubic phase as well transformed
to monoclinic. This phenomenon is not easily explained; it could be due to several
causes. If the stabilizer, MgO, has volatilized from the coupon, the remaining
material would be more susceptible to stable phase transformation. There is, how-
ever, no evidence from chemical analysis that this occurred. Another cause for the
apparent loss of all the tetragonal and cubic phases would be the formation of an

3



Table 3. MONOCLINIC PHASE CONTENT OF THE ZIRCONIA COUPONS
AS A FUNCTION OF TIME-AT-TEMPERATURE*

Volume Percent Monoclinic

50 hr 100 hr 250 hr 500 hr

Material C (as-received = 25.7 volume % monoclinic)
9000 C 34.2 20.7 34.1 32.1

lO000 C 38.7 56.7 61.4 71.5
11000C 59.5 72.5 93.1 100.0
1200°C 82.8 100.0 96.5 100.0
13000C 97.8 100.0 99.2 99.5

Material G (as-received = 79.5 volume % monoclinic)
9000C 77.3 83.6 92.2 99.7
10000C 100.0 96.0 100.0 100.0110°C 100.0 100.0 100.0 100.012000C 100.0 100.0 97.0 100.0
13000C 100.0 100.0 100.0 100.0

Material K (as-received = 14.1 volume I monoclinic)
900 °C 15.2 15.3 6.0 19.4
100C 15.6 35.1 50.9 91.5
11000C 63.9 79.4 100.0 100.0
12000C 64.1 99.4 99.4 99.2
13000C 75.7 98.4 98.8 99.3

Material M (as-received = 4.8 volume % monoclinic)
9000C 5.0 16.0 9.3 3.2

10000 C 3.4 9.8 5.3 1.0
11000 C 4.0 1.4 11.1 24.1
12000C 17.8 21.3 34.8 39.2
13000C 34.0 34.4 37.5 47.0

* Estimated error is + 5 volume %

ordered magnesium or yttrium zirconate phase. These phases would not necessarily
have peaks in the same angular range in the diffractogram as the unordered phases.
In this work, only the angular range between 25 and 350 26 was examined.

The critical time, t_, can be defined as that time at 10000C where the material
would have transformed to 100Z monoclinic. This time is -4300 hours for material C,
-850 hours for material K, and <50 hours for material G. The times calculated for

materials M and J were infinity. From this analysis, it is evident that the yttria
stabilized materials are more resistant to phase change than are the magnesia sta-
bilized materials.

The modulus of elasticity (MOE) of the coupon materials was determined by a
pulse echo ultrasonic technique. The values are presented in Table 4, and the data
is presented graphically in Figure 3. The MOE of a material is dependent on several
factors, one of which is the porosity of the material. The density of the coupons
changed with heat treatment, mainly due to a change in the volume. Microscopy
showed that porosity was formed at the grain boundaries, as was another (unidenti-
fied) phase. There is also some evidence that the sonic MOE of pure singl% crystal
monoclinic zirconia is greater than that of the tetragonal or cubic phase. Thus,
the behavior of the sonic MOE would be complicated, decreasing as the density de-
creases and increasing as the volume percent monoclinic phase increases. This

*Prvate communication with D. Lewis.
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Table 4. SONIC MODULUS OF ELASTICITY OF HEAT TREATED COUPONS*

MOE (GPa)

50 hr 100 hr 250 hr 500 hr

Material C (as-received = 227 GPa)
9000 C 206 206 206 202

100 O°C 217 209 208 212
11000C 214 202 204 163
12000C 205 194 195 193
1300°C - 173 159 135

Material G (as-received = 149 GPa)
9000C 155 152 150 151
1000°C 174 168 161 156
1100°C 156 128 115 115
12000C 124 96 106 -
1300C - 110 - -

Material J (as-received = 189 GPa)
9000C 186 185 182 184
10000C 189 186 185 183
11000C 188 184 185 185
12000C 188 190 186 185
13000C - 197 186 199

Material K (as-received = 215 GPa)
9000C 206 204 206 205
10000C 209 207 205 207
11000C 207 204 204 211
12000C 203 190 195 183
1300C - 201 192 188

Material M (as-received 198 GPa)
900°C 206 207 199 205
10000C 203 198 203 203
11000C 198 202 199 204
12000C 205 207 205 210
1300°C - 212 214 216

' Estimated error is + 2%

complicated behavior is seen both in Table 4 and in Figure 3, which show the sonic
MOE of the five coupon materials as a function of time and temperature.

The micro-hardness of three of the as-received coupon materials was determined.
These values were measured with a Vickers indenter using several different loads on
a Leitz micro-hardness tester according to ASTH Standard E 384-73. The results are
presented in Table 5. The hardest material of those examined was material M, while
that with the lowest hardness was material C. As would be expected, the hardness of
these materials decreases with increasing indentation load.

Table S. HARDNESS OF SELECTED COUPON MATERIALS

v (GP,,) Hv (G&) (GP&)

Material 500 g load 1000 g load 2000 g load

C 10.55 10.29 9.78

J 11.02 10.07 9.82

N 13.84 13.05 12.82

5



One of the properties that was initially to be used as a measure of the degra-
dation of the material with time-at-tempertture was the fracture toughness measured
by the indentation crack length technique. As-received coupons were polished and
indented using a Vickers indenter with loads ranging from 5 to 25 kg. The tough-
ness of the magnesia stabilized materials, C, G, and K, could not be determined
using this technique. The grain size of materials C and K was too large, and the
crack patterns were poor and unmeasurable, even at very high loads (see Figure 4).
Material G was too porous to use this technique, as was material J, the yttria
stabilized FSZ. Material M, that with the smallest grain size, was the only mate-
rial that gave measurable cracks with which to calculate the fracture toughness.
Because the results on the as-received samples were so poor, the attempt to measure
toughness by indentation crack length was abandoned.

Microstructural analysis was performed on the polished samples. The magnesia
stabilized materials showed an increase in porosity with time-at-temperature, as
well as the formation of another (unidentified) phase at the grain boundaries. The
two yttria stabilized materials, M and J, showed little change after heat treat-
ments. Figure 5 shows the microstructural changes that occurred in materials K and
H with time-at-temperature. After the heat treatments and before the samples were
polished, the surfaces of the coupons were examined optically. Figure 6 shows heat
treated surfaces of several coupons. The texture seen on the surface is relief from
the transformed monoclinic precipitates.

Chemical analysis was performed on selected coupons to determine the loss of
the stabilizer from the heat treatments, as well as the impurities present. The
results are presented in Table 6. The analysis shows few changes in chemistry with
heat treatment except a loss of Mg in material K.

The testing of coupon materials indicated that the anticipated loss of density
due to increased amount of monoclinic phase and change in the microstructure did
indeed occur. Accordingly, the second part of the program, analysis of time-at-
temperature effects on mechanical properties, was initiated.

ROOM TEMPERATURE TESTING OF BEND SPECIMENS

Billets of various commercial and developmental zirconia materials from manu-
facturers were obtained. Table 7 presents the materials and suppliers. Five of
these materials were MgO stabilized TTZs, one was a MgO partially stabilized zir-
conia (PSZ), seven were yttria TZPs, one was a Y203 stabilized PSZ, and two were
yttria fully stabilized zirconias (FSZ). One of the MgO stabilized materials, H,
was a newer vintage of another of the MgO stabilized materials, G. Bend specimens,
52 x 3 x 2 mm, were machined from the billets. Properties, such as density, sonic
MOE, phase content, etc. were determined on the bars.

Bars of eleven types of zirconia (A, D, E, H, I, L, 0, P, Q, R, and S) were
heat treated in a laboratory furnace in air at 1000°C for 100 or 500 hours. (The
other materials were tested only in the as-received state due to the small number of
specimens available.) The heat treatments consisted of a four hour heat to tempera-
ture, followed by a hold at temperature. The furnaces were allowed to cool natural-
ly, which took approximately 16 hours. The bend specimens were supported on knife

I. LAWN. B.R.. EVANS. A.G., and MARSHALL. D.B. Elastic/Plastic Indentation Damage in Ceramics: The Median/Crack
Ststem J. Amer, Ccr. Soc.. v. 63. no. 9-10. 1Q80. p. 547-81.
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Table 6. CHEMICAL ANALYSIS OF COUPONS*

wt% Al wt% Si wt% Ti
500hr 500hr 500hr 500hr 500hr 500hr

AR** 1000OC 10000c AR IO0C 1000OC AR I00°C 100C0 C

Material
C 0.15 0.06 0.01 0 0 0 0.07 0.07 0.07
G 0.11 0.17 0.19 0.06 0 0.04 0.04 1.87 0.04
J 0.36 0.42 0.49 0.43 0.44 0.44 0.05 0.06 0.06
K 0.09 0.07 0.12 0.02 0 0 0.04 0.04 0.04
M 0.54 0.69 0.95 0.72 0.68 0.67 0.09 0.11 0.10

wt% Cr wt% Fe wt% Zn
500hr 500hr 500hr 500hr 500hr 500hr

AR** 10009C 1000Oc AR 100OC 1000°C AR 1000&C 1000C

Material
C 0 0 0.01 0 0 0 0.04 0.05 0.02
G 0.03 0.01 0.01 0.01 0 0 0.04 0 0
J 0.01 0 0 0.02 0 0 0.02 0 0
K 0.02 0 0 0.01 0 0 0.02 0 0
M 0.08 0 0 0.01 0 0 0.03 0.05 0.03

wt% Mg wt% Ca wt% Y
500hr 500hr 500hr 500hr 500hr 500hr

AR** 1000Oc 100&C AR 10000 C 10000 C AR 10000 C 1000 0 C

Material
C 1.88 1.89 1.95 0.01 0.02 0.06 0.05 0.06 0.02
G 1.48 1.46 1.24 0.07 0 0.08 0.08 0.06 0.06
J 0.03 0.03 0.03 0.68 0.75 0.75 7.1 7.38 7.47
K 2.29 1.79 1.76 0.02 0.09 0.07 0.03 0.12 0.11
M 0.01 0.01 0.01 0.03 0.05 0.04 6.7 6.77 6.64

* Error is + 0.05 wt%

** AR = as-received, 0 indicates none detected, - indicates not analyzed.

edges made of oxidized silicon carbide. Although the bend specimens did not stick
to the knife edges (i.e., the zirconia did not react with the silicon carbide), care
was taken to place the part of the bend specimen that was in contact with the knife
edge outside of the inner span during flexural testing. A silicon carbide plate was

above the specimens during the heat treatment to protect them against the possi-

bility of falling debris from the insulating brick of the furnace.

After the heat treatments, the properties listed above were measured to deter-

mine the changes with time-at-temperature. Table 8 gives the density of the bend
specimens, both as-received and after heat treatments. Figure 7 shows in graphical
form the change in density of the materials with time-at-temperature. It is seen
from the graph that the density of the magnesia stabilized materials decreases,
while that of the yttria stabilized materials remains the same after heat treatment.
The change in density of the magnesia stabilized materials is most likely linked to

the change in phase content; i.e., the density decreases due to the spontaneous

transformation of tetragonal preciiitates to the monoclinic phase, which has a
slightly lower density (5.826 g/cm for pure ZrO ) than does the tetragonal form

(5.859 g/cm3 for pure ZrO2 ), as well as the formation of porosity at the grain
boundaries (see Figure 5).
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Table 7. MATERIALS USED FOR MECHANICAL PROPERTIES EVALUATION

Material Code Stabilizer Supplier Suppliers Designation

A PSZ Y2 03  AC Sparkplug Sensor material (1982)

B TZP Y2 03  Naval Research Labs None (1982)

D TTZ mgO Nilsen, USA TS Grade (1982)

E TTZ Mgo Nilsen, USA MS Grade (1982)

F FSZ Y203  Ceradyne None (hot pressed) (1982)

G TTZ MgO Coors Porcelain Co. ZDM (1981)

H TTZ MgO Coors Porcelain Co. ZDM (1983)

ITZP Y203  Coors Porcelain Co. TZP (1984)

j SZY0 3  Coors Porcelain Co. ZDY (1981)

L PSZ MgO American Feldmuehle Corp. ZT-35 (1982)

N TZP Y203  NGK Sparkplug Unknown

0 TZP Y20 3  NGK Sparkplug Z-191 (1984)

p ZPY0 3  Toshiba Ceramics Co. Unknown (1983)

Q TZP Y203  Toray Co. Unknown (hot pressed)
3 (1983)

R TZP Y203  Toray Co. Unknown (Sintered)
3 (1983)

S TTZ MgO Corning Glass Works Zircoa 2120 (1982)

Table 8. DENSITY OF THE BEND BAR MATERI§LS BEFORE AND
AFTER HEAT TREATMENTS AT 1000 C*

P 3  p 3  p 3

Material As-Received 100 hr 500 hr

A 5.667(14) 5.,628(25) 5.668(12)
B 5.774(20) 5.785(18) 5.763(20)
D 5.660(18) 5.643(11) 5.629(16)
E 5.646(16) 5.632(13) 5.553(22)
F 5.599(38)
G 5.294(13)
H 5.649(21) 5.548(12) 5.537(14)

I5.939(38) 5.986(30) 5.979(7)
J5.534(22)

L. 5.506(14) 5.512(12) 5.450(11)
N 5.771(3)
0 5.770(9)
P 5.928(17) 5.937(22) 5.920(21)
o 5.950(8) 5.943(9) 5.956(4)
R 5.897(9) 5.714(34)

S5.576(88) 5.469(78) 5.472(94)

*All densities by physical measurements, except that of material N which was
done by irvrersion.
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The volume percent monoclinic phase of the sixteen zirconia materials before
and after heat treatment is given in Table 9, and the change in monoclinic content
with time-at-temperature for seven of the materials is presented in Figure 8.
Material A, the yttria partially stabilized material, is the only material that has
fairly constant monoclinic phase content. The others show substantial increases in
monoclinic phase content. Interestingly, one of the materials that shows a large
increase in monoclinic phase content is the sintered TZP materials from Toray,
material R. The reason for this behavior is unknown. A more thorough study of TZP
materials would need to be done to determine the causes of this phenomenon. Three
of the four toughened zirconias, materials D, H and S, show an approximately linear
increase of monoclinic phase. Material L, which was not initially toughened, showed
a slight change after 100 hours, followed by a sharp increase in monoclinic content
after 500 hours. Material E also showed a slight change followed by a large in-
crease in monoclinic phase content. The interpretation in both cases is that mate-
rials D, H, and S were ideally aged as-received, and further heat treatment caused
growth of the tetragonal precipitates beyond the critical size for spontaneous
transformation. Material L, on the other hand, was not aged at all, Material E was
not ideally aged, and the 100 hour heat treatment was not enough to cause the pre-
cipitates to grow to the critical size; the 500 hour heat treatment, however, was
sufficient.

Table 9. MONOCLINIC PHASE CONTENT OF BEND SPECIMENS BEFORE
AND AFTER HEAT TREATMENTS*

Vol% Monoclinic Vol% Monoclinic Vol% Monoclinic
Material As-I ceived 100 hrs, 10000C 500 hrs, 10000C

A 35.2 34.0 29.0
B 0 0 0
D 27.7 57.7 80.4
E 23.9 34.8 79.1
F 0
G 66.2 - -
H 14.0 62.3 93.2
I 0 0 0
J 0
L 6.4 14.7 70.3
N 7.0 - -
0 0
p 0 0 0
o 0 0 0
R 3.8 - 61.1
S 35.9 69.6 76.0

* Estimated error is + 5%

The sonic modulus of elasticity was measured on bend specimen materials before
and after heat treatments (Table 10). Figures 9a and 9b show the changes in the
sonic modulus as a function of time-at-temperature for eleven of the zirconia mate-
rials. It is seen that the bars exhibit less complicated behavior than the coupons
did. In most cases, there was little change in the sonic modulus of the bend speci-
mens with time-at-temperature, although that of a few materials did increase with
heat treatment.

Chemical analysis was performed on pieces of the bend specimen materials to
determine if any changes in chemistry, especially a loss of stabilizer, had occurred
from the heat treatments. The results, presented in Table 11, show that there were
no unexpected elements in the materials and that no changes occurred from the heat
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Table 10. SONIC MODULUS OF ELASTICITY OF BEND SPECIMEN MATERIALS

NOE(GPa)*
Material As-Received 100 hrs, 1000°C 500 hrs, 10000 C

A 213 214 215
B 202 202 202
D 227 213 210
E 208 208 208
F 180 - -

G 149 - -

H 199 188 203
r 211 212 213
J 189 - -

L 215 196 193
N 198 - -
p 209 210 209
0 215 214 213
R 213 - 218
S 194 197 203

* No standard deviations given as HE was measured on only two samples of each
material; estimated error is + 21

treatments. The amount of aluminum found in the as-received sample of material I is

very high and probably incorrect. The yttria stabilized materials in general have a

larger amount of silica than do the magnesia stabilized materials. This larger
amount of silica could adversely affect the high temperature mechanical properties.

The microstructure of the bend specimens was examined before and after heat

treatment. Figure 10 shows the aicrostructures of the as-received and heat treated
samples. The photomicrographs at the top are unetched, while those at the bottom
have been etched. The changes in microstructures were due to an increase in poros-

ity, especially at the grain boundaries, and the formation of another phase at the
grain boundaries. The changes observed in the microstructure of the bend specimens
were not as severe as those of the coupons.

The micro-hardness of the bend specimens was measured before and after heat

treatm'nts, using a method described earlier in this section. The results are
presented in Table 12 and Figure 11. From these it is seen that the hardness of
magnesia stabilized TTZ materials as-received is about 9 CPa, while that of the
yttria stabilized TZPs is about 11 GPa. The hardness of the TTZs decreases as a

function of time-at-temperature, while that of the TZPs remains essentially con-

stant.

The strength and toughness of these zirconia materials are two of the most

important properties used as specifications by the engine designers. As the effect

of time-at-temperature on the mechanical properties had not been determined, no

conclusions could be drawn about the expected lifetime of components made of these
materials; nor was the data available to engine designers to enable them to make
design changes that would accommodate the lower strengths and toughnesses that the
materials of the components would exhibit after long times at moderate temperature.

Since using the standard indentation crack length measurements technique hid

proven unfeasible when tried on the coupons, it was decided to use a new method in

2. CHANTIKUL, P., ANSTIS. G.R., LAWN, B.R., and MARSHALL, D.B. A Critical EtaluatIon of Indentation Techniques for
Measuring Fracture Toughness: II. J. Amer. Cer. Soc., v. 64, no. 9, 1981, p. 539-43.
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Table 11. CHEMICAL ANALYSIS OF BEND SPECIMEN MATERIALS*

wts Al wt% Si Swo Ti

Material IM 10O0C

A 1.83 2.0 0.02 0 0.05 0.07
B 0.10 0.22 0.05 0.05 0.07 0.06
D 0.03 0 0 0.03 0.06 0.08
E 0.10 0.04 0.05 0.04 0.13 0.11
F <0.01 - 0 - 0.06 -
G 0.05 - 0.02 - 0.04 -
H 0.05 0 0 0 0.04 0.04
1 0.68 0.18 0.09 0.09 0.06 0.09
J 0.36 - 0.43 - 0.05 -
L 0.03 0.03 0 0.04 0.04 0.04
N 0.54 - 0.72 - 0.09 -
0 0.43 0.44 0.52 0.34 0.03 0.03
P 0.10 0.06 0.17 0.10 0.04 0.04
Q 0.52 0.52 0 0 0.01 0.01
R 0.66 0.68 0.06 0 0.01 0.01
S 0.06 0.02 0.01 0 0.03 0.03

wt% Cr wt% Fe wt% Zn
Alt 0 hr AR* SW0 r AM 50

Material 1OOdc I00c 1000OC

A 0.02 0 0.06 0 0.06 0.04
B 0 0.01 0.07 0.06 - -
D 0 0 0.04 0 0.06 0.07
E 0 0 0.06 0.05 - -
F 0.01 - 0.02 - 0.03 -

G 0.01 - 0.02 - 0.02 -
H 0 0.01 0 0 0.0 0.02
I 0.02 0.01 0.03 0.07 - -
J 0.01 - 0.02 - 0.02 -
L 0 0.01 0 0 0.01 0.03
N 0.01 - 0.01 - 0.03 -

O 0.01 0 0.16 0.06 0.17 -
P 0 0 0.10 0.06 - -

Q 0 0 0.06 0.06 - -

R 0 0 0.06 0.10 - -
S 0.02 0 0.07 0 0.54 0.11

vt% No wt% Ca Wt% y
AR** 500 hr AR* 500 hr AR** 500 hr

Material 100( C 1000 0C IOOcC

A 0 0 0 0 6.1 6.1
B 0.02 0.01 0.05 0.03 6.5 6.4
D 1.98 1.95 0 0.01 0.04 0.01
E 1.94 1.86 0.04 0.02 0 0
F 0.01 - 0 - 11.1 -
G 1.55 - 0.01 - 0.06 -

H 1.71 1.71 0 0 0.01 0.01
1 0.01 0.01 0 0 4.2 4.4
J 0.03 - 0.68 - 7.1 -
L 2.09 2.11 0.02 0.02 0.03 0.02
N 0.01 - 0.03 - 6.7 -

O 0.01 0.01 0 0 4.0 4.2
p 0.01 0.01 0 0.05 4.3 4.0
O 0.01 0.01 0 0 3.5 3.5
R 0.02 0.02 0.03 0.02 3.8 3.8
S 1.65 1.51 0.13 0.15 o.36 0.41

* Error is + 0.05 wtI
Alt = as-received, o indicates none detected, - indicates not analysd.
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Table 12. VICKER'S HARDESS OF BEND SPECIM MATERIALS BEFORE
AND AFTER HEAT TREATMENTS

200 cod 20DOO load 2D0g loa
iterial AD-fteived 100 hr. 1000C 500 hr. 100 0C

A 10.71(16) 10.82(16) 10.59(16)
S 10.93(21) 11.02(14) 10.93(18)
D 9.1208) 0.48(13) 8.67(6)
9 9.69(20) 8.81(34) 6.54(27)

G
S ."9(13) 7.72(14) 7.37(16)

I12.08(16) 12.13(10) 12.00(14)

L 9.32(15) 6.94(12) 7.51(17)
N 11.42(11)
0-
P 11.56(15) 11.46(26) 11.63(13)
Q 12.55(19) 11.96(32) 12.31(s)

R11.34(10) -10.11(12)
S9.00(14) 8.26(11) 7.27(8)

IUmble to inea har~vus as the sa1. Walled.

which the bend specimens are indented and then stressed to failure in four point
loading. The toughness can then be calculated by?

K - n(E/l)'/S(o f p1 / 3 ) 3 / 4

where P io the indentation load, I is the modulus of elasticity, R is the hardness,
a is a dimensionless constant, and afis the failure strength.

Zsch bend specimen was broken twice: once from a controlled identation flaw
and once from the s-machined surface. The indentations were made at a load of P
100 N in air, and ware subsequently covered with a drop of silicon oil to minimize
fatigue effects in the failure mechanics. The bending strengths, of, ware evaluated
from the breaking loads using simple beau theory.

The results of the breaking tests for all bend specimens are given in Tables 13
and 14, and shown in Figures 12 and 13 as a function of time-at-temperature. In
Figures 12 and 13, the individual data points represent man values of measured
strengths. It is clear from these figures that the different airconias respond to
heat treatment in different ways. Generally, the transformation toughened materials
show a greater tendency to a degradation in the properties. Materials D, 9, R, and
S fall into this category. The results indicate that these magnesia stabilized
materials become severely overaged with time-at-tesperature. Material L, onthe
other hand, actually Increases in strength for the first 100 hours exposure, and
decreases thereafter. The interpretation in this instance is that this magnesia
stabilized material had not been initially toughened; the heat treatment applied in
the experiments thus takes the materials up to, and subsequently beyond, the fully
aged state.
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Table 13. FLEXURAL STRENGTH AND WEIULL ANALYSIS OF BEND SPECIMEN MATERIALS*

As-lcmived 100 hra, 1000°C 500 hre, 1000°C
n ef Oro a n f r o 

Material 0010) (MI ) (Mql ) ("PS) (M~s) (Mrs)

A 8 309 324 10.2 12 314 342 5.6 12 274 303 4.3
B 2 706 * 3 659 ' 2 624 *
D 10 56 609 14.1 13 385 409 7.8 9 392 405 15.6
E 14 640 665 13.4 8 493 505 21.4 9 288 30' 7.4
F 4 207 - - ... . . .
G 13 186 190 21 .4 - - . ...
H 12 534 596 4.2 12 320 327 24.6 11 240 252 9.9
I 14 921 1010 4.5 15 920 1026 2.4 16 996 1154 2.9
3 10 242 250 16.0 - - - -
L 10 445 483 5.9 13 592 624 9.5 12 314 328 11.4
N 5 7 58 8 2 7 1 3 .5 - . ....

P 9 518 544 10.2 a 50) 597 7.5 7 457 488 6.8
Q 3 1159 - - - 3 237 *
R 1 954 *' I . . . . 2 212 *
S 20 511 543 7.7 15 312 324 13.6 11 327 341 11.6

No standard deviations given, too few data points.
• *No Wbibull analysis done, too few data points.

Material A, the yttria partially stabilized uirconia, shows only a very small
change in strength and toughness over the tim range covered; this is also seen in
the TZP materials, 5, I ead P. The apparent stability bare is attributable to the
fact that a considerably higher temperature is generally required to cause aging in
yttria stabilized materials than in otherwise equivalent magnesia stabilized mate-
rials. However, materials Q and R show a dramatic decrease in the flexure strength,
from -1000 Pa as-received to 225 MPa after 500 hours at 10000C. The reasons for
the degradation of these TZP materials as opposed to the others is as yet unknown.

The heat treatment of magnesia stabilized sirconia for relatively short times
at moderate temperatures leads to grain growth of watastable tetragonal precipitates
and spontaneous transformation to the monoclinic phase. This results in a decrease
in density due to the increase in monoclinic phase content, as well as changes in
the microstructure. These changes lead to a degradation in the flexure strength.
More importantly, the transformation of the tetragonal precipitates eliminates the
main toughening machanism in these materials, and thus reduces the toughness sub-
stantially.

Fracture surfaces of the bend specimans are shown in Figure 14. In most sas-
ples, the fracture origin was a processing defect or machining damage. No changes
in the fracture origins was observed in those samples that had been heat treated.
The origins in sow samples, especially the TTZe which have very large grains, were
almost impossible to determine.
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Table 14. FRACTURE TOUGHNESS OF THE BEND SPECIMEN VITERIALS*

M-we, dv 100 hr. 10ooC 5oo hr, 10oooC
n P KItn P n P KIC

mterial (N) (lft a1/2) (N) (MWa a1/2) (N) (Nf m1/2)

A - - - - - - 8 20 4.10
6 100 4.10 12 100 3.93 3 100 3.84
- - - - - - 2 150 3.80
- - - 2 200 4.09 - - -

B 2 100 5.03 3 100 4.63 3 100 4.86

D - - - - - - 3 50 5.87
4 100 7.B6 12 100 6.52 4 100 6.06
- - - - - - 3 150 6.40

E 9 100 10.40 7 100 8.87 7 100 5.61

H 4 100 10.19 5 100 6.12 3 100 4.51
4 150 10.69 6 150 6.23 3 150 5.32
4 250 11.57 - - - 3 250 5.96

I 14 100 6.81 17 100 6.83 17 100 8.38

J 7 20 3.01 - - - - - -

L 4 20 5.00 - - - 1 20 5.49
5 50 5.31 - - - - - -
5 100 5.26 11 100 9.44 3 100 6.66
4 150 5.06 - - - 3 150 6.90

- - 2 200 8.96 3 200 6.94
- - - 2 250 7.22

0 - - 2 100 8.66

P 1 100 8.19 - - - - -
8 150 7.04 8 150 6.84 6 150 6.73

R 1 100 11.63 - - -

S 1 2 0 5 .5 4 .- ...
- - - 1 30 4.53 - -

- - - - - 3 50 5.15
8 100 8.73 3 100 5.36 3 100 5.58
2 150 10.51 3 150 5.47 3 150 5.49

0N stanlard dsviatiom given, too few data points

HIGH TEMPERATURE TESTING OF BEND SPECIMENS

bend specimens were also tested in stepped temperature stress rupture (STSR)
and stress rupture (Si). The materials tested are listed in Table 15. The STSi
tests were performed before the Si tests, as STSR is a rapid, easy method of deter-
mining whether the mterials exhibit any sensitivity to a particular stress/temper-
ature regime. Conventional SR was then performed to confirm the results. Due to
the smell number of furnaces available and large number of samples, the Si runs were
terminated after 500 hours. Since only a smell number of samples were available of
each type of material, the analyses should be considered tentative.

11 would like to thank (eortlt Quinn of tht "ram,, Rm-jrdi Uiviion to -,omc tI the anal ,e', ot the STSR and SR data
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Table IS. VTERIALS EXAMINED IN SR AND STSR

Material Stabilizer Manufacturer Designation

A Y 203  AC Sparkplug sensor Material

D "90 Nilson, USA TI Grade

F Y 2 03  Ceradyne Unknown

G M90 Coors Porcelain Co. 231 (1981)

H "90 Coors Porcelain Co. &DR (1933)

y Y203  Coors Porcelain Co. TiP

JY 2 03  Coors Porcelain Co. ZDY

L ngo American Peldmuehie IT-3S

N W20K Sparkplug Unknown

S "90 Corning Glass Works Zircoa 2120

The temperature range for the STS~t runs for all nine materials studied was S00
to 12000C. In STIR, the specimen is heated to the lower temperature, then the load
is applied. After 24 hours, the temperature is rapidly Increased I000C without
changing the load. The temperature is increased by 1060C after every 3 24 hour period
until the specimen fails or the upper temperature limit is reached. In SR, the
load io applied after the specimen has been heated to a given temperature. Neither
the temperature nor the load ia changed until the specimen fails or the experiment
is ended after a given time.

figures IS& and 15J show the results of the STIR tests, while Table 16 gives
the results of the SR. Mlaterial A, an yttria partially stabilized zirconia, exhib-
ited a 352 strength lose between room temperature and 800C aseewn from the STIR
results (figure 15a). The load carrying capability at 12000C was approximately a
third of the room temperature capability. There was so evidence of slow crack
growth in the specimens at temperatures up to 12000C. Creep was obeerved in the
specimens subjected to temperatures greater than 1 1000 C. The act ivat ion energy for
the creep was determined to be 151 Real/nole from the SR experiments.

The HeO stabilized TTZ, material D, shoved a strength loss of 32 to 49% between
room temperature and 8000C (Figure 15b). This value agrees well with that given in
Nilson literature for this material. Static fatigue was found to be a significant
problem at 12000 C; the failure Is via creep fracture. The activation energy for
creep was found to be 73 Kcal/mole from the SR experiments, a relatively low value,
Implying little resistance to creep.

Material F, an yttria fully stabilized sirconia, showed significant strength
loss (-501) at 6000C relative to the room temperature strength, 207 MPa (Figure
15c). Due to the smell nuamber of samples, there is insufficient data to draw any
conclusions from the STIR teots, and no Sit tests were performed.

The older vintag Coors magnesia stabilized material, G, shoved a partial
strength loee at =0" of about 352 relative to the room temperature strength of

3 QUINN. . D. ind KATZ R N Stepped Trmperaiiirr Strr%%.Riptiirt r Ien,rn 4stw Base.n id (eumm, J Affwr Cer
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Table 16. RESULTS OF THE STRESS RUPTURE TESTS

Tim to Retained
Material stress T"rature Failure Strain Strength"

(;4f) ( C) (hrs) (1) (MPs)

A 100 1000 >500 0.01 -
100 1100 312.6"" 3.13 -
100 1200 1.6*" 1.01 -

D 200 900 >500 0.04 400
200 1000 >50O 0.23 343
200 1100 125.2"" 1.03 -
200 1200 26.4 0.96

G tNDSR DOn

H 200 900 >500 0 324
200 1000 >500 0.58 221
200 1100 73.5 1.60 -

1 175 1000 >500 0.66 5.77
175 1100 (8.6 sc) - -
175 1100 (2.8 sac) - -

175 1200 (14.2 sin) -
175 1200 ( 5.2 uec) -

No SR done

L 200 900 >500 0.09 561
200 1000 >500 0.42 -
200 1100 (4.8 win) - -

200 1200 Failed an Loading --

200 1200 (9.0 min) - -

ND Sit Done

200 1000 500 1.19 -
200 1100 Failed an Loading -
200 120 Failed on Loading -

* Mwtained Strength was not measured n all samples.

Did not fail; tripped micromwitch ad ended run.

186 Ie (Figure 15d). Static fatigue was found to be a problem at 12000 C with the
failure machariss being creep fracture. No Si tests were done on this material.
The never vintage, material H, showed a significant strength loss at 8000 C of 50-60Z
of the room teorature value of 534 KPa (Figure 15e). Again, static fatigue was a
problem at 1200C wi th the failure mechanism being creep fracture. The SI tests
revealed that creep is significant at 1000 and 11000C and that it may occur at lower
temperatures. The activation energy for creep vas found to be 96 Kcal/mole.

Material 1, the Coors "ZP material, showed a loss in strength of -602 compared
to the room temperature strength of 921 Pa (Figure 15f). The load carrying capa-
bility of this material at 12000C is approximately 202 of the room temperature
capability. Approximately 0.7Z creep was observed in the sample tested in Si at 175
MPa at 10000C. Creep activation energy analysis from the Si data could not be done
as there was insufficient data due to many of the samples breaking on loading or
very shortly (seconds) after loading.

Material J, the Coors fully stabilized zirconia, showed 452 strength loss
relative to the room temperature strength of 242 NP& (Figure 15g). Static fatigue
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was a serious problem at any temperature above 8000 C. No specimens survived more
than one hour at 10000C. No creep was observed at any temperature. No SR tests
were performed.

The American Feldmuehle magnesia partially stabilized material, L, had a
strength loss of 50% at 8000C relative to the room temperature value of 445 MPa
(Figure 15h). However, the load carrying capability at 12000 C was almost 50% of the
room temperature capability. Static fatigue was not found to be a problem, but
creep was severe at 12000C (all 12000C tests ended when the bowed sample tripped the
aicroswitch). Insufficient data was obtained from the SR tests to obtain the acti-
vation energy for creep.

The only Japanese TZP material examined in STSR and SR, material N, exhibited a
strength loss of 492 relative to the room temperature strength of 779 MPa (Figure
151). Static fatigue occurred at all temperatures between 800 and 11000C. Slow
crack growth was found at 10000C. Creep was noted In specimens that reached 10000C
in STSR; this is somewhat lower in temperature than was found for the other zir-
conias. No SR tests were performed on this material.

Material S, a magnesia stabilized TTZ, showed a reduction of 532 in strength at
8000C relative to that at room temperature, 527 MPa (Figure 15j). Tim dependent
failure at 1100 and 12000C due to creep fracture was observed. This material
exhibited very poor resistance to creep at 1100 and 12000C. Insufficient data was
available to calculate the activation energy for creep.

In summary, all eleven zirconia materials tested exhibited a strength loss of
about 40-60% from room temperature to 8000 C. The STSR failures between 800 and
1200 0C are due to two reasons: a reduction in fast fracture strength with tempera-
ture, or time dependent phenomena including creep fracture and slow crack growth.
The specimens had very little strength at 12000C, and all creep badly at that tem-
perature. Some of the materials examined (such as N, F and J) may have no load
carrying capability at 12000C. No conclusions can be drawn from the yttria stabil-
ized TZP materials. The magnesia stabilized TTZ materials (D, G, H, L and S) are
resistant to static fatigue until 1100-12000 C, whereupon creep resistance is poor
and failure via creep fracture occurs. Creep likely occurs as well at 10000C in the
magnesia stabilized materials.

ZIRCONIA TOUGHENED ALUMINA

Since there was strong evidence that magnesia stabilized zirconia was not
stable at the expected operating temperature of the low-heat-rejection diesel and
little was known about the response of yttria stabilized TZP materials to time-at-
temperature, a project was undertaken at the University of Michigan to develop a
candidate material with the good mechanical properties of zirconia that would be
more resistant to degradation with heat treatment. The materials examined were
zirconia toughened alumina (ZTA) consisting of zirconia/hafnia particles dispersed
in an aluina/chroia matrix and zirconia toughened sullite (ZTh). Samples of these
materials were sent to AMMRC for evaluation. The compositions of these materials
are presented in Table 17. All four ZTA materials have 10 volume 2 dispersed phase,
with the amount of chromia in the alumina being 10 or 20 mole 2.

In the ZTA materials, the chromia was added to the alumina to reduce the ther-
mal conductivity, while the hafnia was added to the zirconia to increase the stable
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Table 17. COMPOSITIONS OF THE ZIRCONIA TOUGHENED ALUMINAS

mole% chrcmia Mole% hafnia volume % dispersed
Code in Aluminia In Zirconia Phase

Ul 10 10 10

U2 10 20 10

U3 20 10 10

U4 20 20 10

transformation temperature. It was found that compositions with -15 mole Z chromia
in the alumina and -15 volume % dispersed phase had a thermal conouctivity equiva-
lent to toughened zirconia at temperatures of about 600 to 7000C.'

These six materials were machined into bend specimens and heat treated as were
the TTZ and TZP materials in the earlier section. Due to the small number of sam-
ples supplied by the University of Michigan, only materials Ul and U4 were heat
treated for 100 hours at 10000C. Samples of all six materials were heat treated for
500 hours at 10000C. Various properties were measured, both before and after the
heat treatments. Table 18 gives the measured densities of the bend specimens. As
would be expected, the densit5 of the ZTA materials is much lower than t at of the
zirconia materials, -4.3 g/cm (the density if pure alumina is 3.97 g/cm ), while
the KTH materials had a density of -3.4 g/cm (the density of pure mullite is -3.2
g/cm ). After heat treatment, the densities changed very little, with the maximum
change of -0.5% being observed in material U6.

Table 18. DENSITIES OF THE ZTA AND ZT4 MATERIALS BEFORE AND AFTER
HEAT TREATMENTS

P P 3  P 3
(g/an3 ) (g/': ) (g/ii

Saiple As-Received 100 hrs, 10000C 500 hrs, 10000C

U1 4.328(16) 4.318(16) 4.321(26)

U2 4.367(37) 4.379(27)

U3 4.398(17) 4.408(10)

U4 4.296(15) 4.291(12) 4.290(4)

U5 3.390(48) 3.406(6)

U6 3.421(31) 3.403(29)

The phase content of these materials was examined to determine if there was any
change upon heat treatment. The ZTA materials, Ul through U4, consisted of alumina/
chromia solid solution and monoclinic zirconia. The two zirconia toughened mullite
materials, U5 and U6, consisted of mullite and monoclinic zirconia. Zircon was
found in the heat treated U5 material as well as in both the as-received and heat
treated U6 material. Zircon is formed from the reaction of the zirconia with the
silica in the mullite, leaving free alumina.

4 TIEN. T Y Transj'~rmation Toughened Ceramits - 4 Potential Material for Light Diesel Engine Applications Final Report.
AMMRC Contract DAA(46-82-C-0080. AMMRC DOU Interagency Agreement EC-76-A-1707-002. AMMRC TR 84-26, 1984.
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The sonic modulus of elasticity of the ZTA and ZTM samples was determined as
described in an earlier section. The results of the tests are given in Table 19.
The results of the MOE tests for materials U2 and U3 were anomalous. The MOE values
of the as-received samples fell into two distinct populations, one with a high MOE
(-350 GPa) and one with a low MOE (-245 GPa). The heat treated samples also exhib-
ited MOEs that fell into two populations; the high MOE (-350 GPa) was the same as
that of the as-received samples, but the low MOE value was substantially greater
(-320 GPa) than that of the as-received value. No reason for this behavior could be
found when the density and phase content were examined. However, when photomicro-
graphs of the samples were examined, it was seen that the microstructures of the
high and low MOE samples differed only slightly (see Figure 16). The difference in
the microstructure of the U2 as-received and 500 hour at 10000C heat treated samples
is much more pronounced, but these two samples had essentially the same sonic modu-
lus of elasticity. The reasons for the effects of the microstructure on the sonic
MOE are unknown.

Table 19. SONIC MODULUS OF THE ZIRCONIA TOUGHENED ALUMINA AND MULLITE

Material R 00 hr, 1000 0 C 500 hr, 10000 C
n -4OF (GPa) n ME (GPa) n PUE (GPa)

U1 10 363(2) 4 364(1) 4 363(l)

0 2 ni 7 351(2) - 3 350(0)
med - - 1 322
lW 7 241(9)

173 h i 8 352(2) - 2 350(4)
med - - 2 324(2)
1rw 5 243(9)

14 7 361(1) 2 263(3) 4 362(0)

15 2 182(16) 4 175(1)

116 2 169(5) 4 158(8)

Chemical analysis results of the zirconia toughened materials are presented in
Table 20. As was expected, the major constituents of the materials were alumina,
chromia, and silica. Any other element was found only in trace amounts.

The microstructure of the ZTA and ZTM materials was examined by optical micro-
scopy. Figure 16 shows, as in Figure 10, photomicrographs of polished and etched
samples, respectively. In the polished, unetched micrographs of materials U1
through U4, the dark grey or black areas are porosity, the medium grey is alumina,
and the light grey is zirconia. The microstructures of the U5 and U6 samples are
very difficult to determine. The polished surfaces were very reflective under the
optical microscope.

The Vicker's hardness of the ZTA and ZTM materials was measured. The results
are presented in Table 21. The value reported is the average of ten hits on each
sample. Because of the few samples available, the U2 and U3 samples with low,
medium and high MOE could not all be measured. The samples that spalled did so even
at 100 g load.

The flexural strength and fracture toughness of the ZTA and ZTM materials was

measured as-received and after heat treatment of 100 or 500 hours at 10000
C , just as

the TTZ and TZP materials. The results are reported in Table 22. These values in
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Table 20. CHEMICAL ANALYSIS OF THE ZIRCONIA TOUGHENED ALUMINA AND 14JLLITE

Wt% 4l wt% Si wt% Ti
AR lOOhr 500hr AR 100 hr 500 hr AR lOOhr 500hr

1000o lOOO lOOOc% loooC 1oooC lOOOC

Ul 38.0 38.0 38.0 0.13 n.12 0.12 0.09 0.03 0.02
U2 34.2 - 35.2 0.11 - 0.10 0.01 - 0.01

j3 35.9 - 34.6 9.11 - 0.10 0.01 - 0.01
U4 40.3 38.6 39.6 0.11 0.13 0.11 0.01 0.01 0.01
u5 26.2 - 26.4 10.1 - 10.2 0.01 - 0.02
U6 22.2 - 22.3 10.3 - 10.4 0.01 - 0.01

wt% Cr wt% fe wt% Zr
AR l0(hc" 530hJr AR 110 hr S00 hr AR 100hr 500hr

lOOO°C looo0 c loooc lOOc iOOOC looc

Uj 7.5 7.3 7.5 0.15 0.10 0.02 6.9 6.8 6.9
'J2 14.3 - 14.9 0.05 - 0.03 7.4 - 7.8
'13 14.9 - 14.4 0.01 - 0.03 7.9 - 7.4
04 7., 7.9 7.9 0.06 0.07 0.07 7.9 7.7 8.2
I15 0 - 0.03 0.01 - 0.03 14.2 - 14.2
U6 5.0 - 5.0 0.16 - 0.09 13.8 - 13.9

wt% Mg wt% Ca wt% Y
AR 100hr 500h AR 100ir 500 Pr AR 100hr 500hr

1000°C 1000C 10001C 1000C lO00C lO000C

,11 0.02 0.02 0.01 0.05 0.05 0.03 0.03 0 0
U2 0.01 - 0.01 0.04 - 0.03 n - 0
- 3 0.01 - 0.01 0.02 - 0.02 0 - 0
U4 0.02 0.02 0.02 0.02 0.03 0.03 0 0 0
U5 0.01 - 0.01 0.03 - 0 0 - 0
U6 0.01 - 0.01 0 - 0 0 - 0

Table 21. VICKER'S HARDNESS OF THE ZTA AND ZTM MATERIALS

Hv (GPa) 2000g Load

Material As-Received 100 hr, 10000C 500 hr, 1000ot.

U1 16.64(67) 16.09(33) 15.97(53)
U2 hi 15.97(34) - Spalled
U2 low Spalled -
U3 hi Spalled - 13.95(40)
U3 med - 13.82(40)
14 15.95(41) 15.51(41) 15.96(36)
U5 9.15(20) 8.13(22)
U6 6.26(18) 6.68(33)

most cases represent averaged values of several specimens, although in a few cases

only one value was obtained. Due to the small number of specimens, not all proper-

ties were determined for each composition and no standard deviations will be

presented. The ZTA materials with a high sonic MOE have an as-received flexure

strength of -425 MPa; this strength does not seem to decrease with time-at-t Iera-

ture. The as-received fracture toughness of the ZTA materials is -4.9 KW Ja m'

which decreases slightly after 500 hours at 10000 C. The U2 and U3 samples with the

medium and low MOE also had a lower strength and toughness than did those with the

high MOE.
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Table 22. FLEXURE STRENGTH AND FRACTURE TOUGHNESS OF THE
ZTA AND ATM MATERIALS*

As-Received 100 hr, 100&C 500 hr, 1000°C
Gf KIc** af KIc af KIc

Material (MPa) (MPa m
1/ 2

) (MPa) (MPa mI
/ 2  (MPa) (MPa mi

/ 2)

U1 436 4.86 371 4.85 450 4.56

U2 hi 457 4.97 - - 410 4.93

U2med - - - - 286 -

U2 low 122 3.52 - - - -

3 hi 386 4.98 - - 413 3.94
U3med - - - - 373 3.47

U3 low . ....
U4 - 5.29 398 4.95 456 4.70

U5 260 - - - 296 -

U6 282 - - - 292 -

* No standard deviations reported, too few data.
** Fracture toughness measured via indentation strength technique, 100 N load.

The high temperature STSR and SR tests were performed on the ZTA materials.
The bend specimens of the ZTM materials were too short to use with the available

fixtures, so no results are available for these. The results of the STSR tests are

shown in Figures 17a through 17d, and Table 23 gives the SR results.

Table 23. STRESS RUPTURE RESULTS OF THE ZTA MATERIALS

Time to Retained
Material Stress Tearature Failure Strain Strength*

(MPa) ( C) (hrs) (%) (MPa)

U1 100 900 >500 <<0.05 511
100 1000 >500 0.16 325
100 1100 >500 0.45 258
100 1200 127* 1.69 223

U2 hi 150 1100 262 0.68 -
hi 150 1200 0.9 0.43 -
low 150 900 (1 min) <<0.05 -

U3 hi 100 900 on loading <<0.05 -
low 75 1000 >500 0.32 -
hi 75 1000 >500 0.17 331

U4 I00 900 >500 <<0.05 431
100 1000 >500 0.08 380
100 1100 >500 0.55 270
100 1200 1/5 (T.69 -

* Sample did not fail. Microswitch tripped and ended run.

The fast fracture strength of material U1 at 8000 C (-200 MPa) is less than half

that at room temperature (436 MPa); no samples survived 24 hours at 12000 C. The SR

samples, loaded to 100 MPa, all survived 500 hours, except that one tested at
12000 C. This latter sample might have survived 500 hours, but the creep at 12000 C

was severe enough to cause the microswitch to trip and end the run after 127 hours.

The activation energy for creep calculated from the SR tests was 42.4 Kcal/mole, a

low value, implying very low resistance to creep. The retained strengths of the
samples were all good. Interestingly, the retained strength of the SR sample tested
at 9000 C (511 MPa) was higher than the average of the as-received samples.
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The U2 STSR samples with low sonic MOE had essentially no strength at 8000C.
Those with high sonic MOE performed better; the strength at 8000C was about 250
MPa. Two high MOE samples, loaded to 150 MPa, were tested in SR; one at 11000C and
one at 12000C. The creep activation energy calculated from thebe two samples is
very high (207 Kcal/mole), and probably is not accurate. One low MOE sample sur-
vived 1 minute at 9000C when loaded to 150 MPa.

The high MOE samples of material U3 did not perform as well as the high MOE
samples of material U2, but the U3 low MOE samples did better than those of U2. One
low MOE sample of the U3 material, loaded to 75 MPa, survived to 1200°C; the rest
failed on loading at 8000C. Two U3 samples, one low MOE and one high MOE, both
loaded to 75 MPa, survived 500 hours in SR. The high MOE sample had retained
strength of 331 MPa, which is almost as good as the as-received value. Due to the
small number of samples, no creep activation energy could be calculated.

Material U4 performed much like U1 in STSR, with the fast fracture strength at
8000C being approximately 40% of the estimated as-received strength. No samples
survived 24 hours at 12000C. The SR samples were loaded to 100 MPa and tested at
900, 1000, 1100 and 12000C. The three specimens tested at the lower temperatures
all survived 500 hours, while the last failed after 1.5 hours at 12000 C. The calcu-
lated creep activation energy was 99 Kcal/molet The retained strengths were all
good.

In summary, the density, failure strength, fracture toughness, and sonic modu-
lus of elasticity of the ZTA materials remain essentially constant with time-at-
temperature. No conclusions can be drawn about the ZTM material due to the small
number of samples provided, but indications are that this material is not as good as
the ZTA material. The strengths of the ZTA materials with high sonic moduli after
500 hours at 1O00°C are as good or better than those of magnesia stabilized TTZ
after the same heat treatment, although the fracture toughnesses are slightly lower.
The anomalous behavior of the ZTA specimens containing 20 mole % chromia has yet to
be explained. These preliminary results on ZTA materials are encouraging and indi-
cate that this material is a good possible candidate for diesel engine applications.

CONCLUSIONS

Examination of the effects of time-at-temperature on toughened oxide ceramics
for heat engine applications has shown that, although the materials have great
potential for use in the engine, several problems need to be overcome. Magnesia
stabilized TTZ materials exhibit very good as-received mechanical properties.
Exposure to the moderate temperatures as are expected in the low-heat-loss diesel
for relatively short times causes changes in the microstructure with resulting
degradation of mechanical properties. The changes are due to the spontaneous trans-
formation of tetragonal precipitates as they reach a critical size from grain
growth. The evidence for this conclusion is the increasing amount of monoclinic
phase in the material with heat treatment. The strength and toughness of the mag-
nesia stabilized TTZs after 500 hours (less than 10% of the expected lifetime of the
engine) at 1000°C are reduced by one-third to one-half of the as-received values.
The results of the SR and STSR show that these magnesia stabilized materials are
resistant to static fatigue up to -110 00C and that the creep resistance of these
materials is low at higher temperatures.
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The little data available on yttria stabilized materials indicates that these
materials should be more resistant to the degradation of mechanical properties with
time-at-temperature. The STSR results on the one TZP material studied, material N,
were not encouraging. However, this material contains about 2 weight % silica,
which is likely the cause of the poor high temperature properties. Preliminary
results on other TZP materials indicate that the high temperature properties are
much improved when the material contains little or no silica. Interestingly enough,
the yttria stabilized PSZ, an oxygen sensor material, retained its strength and
toughness throughout the heat treatments, and, after 500 hours at 10000C, had as
good or better properties than did the magnesia stabilized TTZ materials examined
after the same heat treatment.

The preliminary results on the ZTA materials developed at the University of
Michigan show that this material has a good potential for use in the diesel engines.
Although the as-received strength is lower than that of the magnesia stabilized
TTZs, they, like material A, retained their strength and toughness after heat
treatment. As this material is still in early development, it would be expected
that the mechanical properties will be improved by improved processing.
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APPENDIX A. POLISHING PROCEDURE FOR ZIRCONIA TOUGHENED MATERIALS

Several different polishing procedures were tried before a successful method
was found. The first procedure was as follows:

1. Flatten the sample with a 15 Pm diamond wheel.

2. Rough polish with 6/12 Ufa diamond on a lead lap.

3. Final polish with cerium oxide on a phellon cloth.

This procedure resulted in surfaces that exhibited many "pop outs". These were
caused by the transformation of the tetragonal precipitates due to the polishing;
i.e., no longer constrained after the matrix was removed by polishing, they popped
out from the surface. This problem indicated that the polishing might have caused
surface damage such that the surface phase content was not that of the bulk.

Another procedure was tried in order to avoid the problem of pop outs and to
ensure the polished surface represented a bulk phase content. In this procedure,
colloidal silica on phellon cloth was used for the final polish rather than the
ceria. In order to check that the polish had removed the transformed surface layer
due to machining of the bend specimen and had not caused any more damage, the sample
was polished and the surface x-rayed repeatedly until the x-ray diffraction pattern
showed no changes from polishing. The first polishing cycle removed -25 pm; subse-
quent polishes removed -15 irm. It was found that, after 3 to 4 polishing cycles,
the x-ray diffraction pattern remained unchanged.

Subsequent polished samples had 25 Pm removed using the 15 Pm diamond wheel and
5 urm removed with the 6/12 Pm diamond paste before the final polishing with the
colloidal silica.

APPENDIX B. PHASE ANALYSIS OF ZIRCONIA SYSTEM USING X-RAY DIFFRACTION

Analysis of a powder x-ray diffraction pattern is the most commonly used method
of determining the phase content of an unknown sample. Usually the unknown c~ytains
two or more chemically dissimilar phases and the analysis is straightforward. In
some cases (e.g., where the unknown is a transformation toughened partially-stabil-
ized zirconia or TTZ), the sample may contain several phases, all of related lattice
geometry. When this is the case, the phase analysis is less tractable. In the
zirconia case, two ftctors that affect the analysis are the difficulty in resolving
the tetragonal (101) and cubic (111) peaks when copper radiation is used, and the
common assumption that only two phases are present in the sample.

Three phases are normally found in partially stabilized zirconias: cubic,
tetragonal, and monoclinic. The lattice parameters of the three phases depend on
the radius of the substituted stabilizing cation and the amount of the stabilizer.

*The lattice parameters for the three phases of pure zirconia at room temperature were extrapolated from those given by Scott.B2
BI. KLUG. H.P.. and ALEXANDER. L.E. X-Ray Diffraction Procedures. 2nd Ed.. John Wiley and Sons, New York. 1974,

p. 531-562.
B2. SCOTT. HG. Phase Relationd hp in the Zir((,nia-Yttri Sistems. J. Mater. Sci.. v. 10, 1975, p. 1527-1535.
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Table B-1 gives the interplanar spacing, d, and the calculated peak position for the
first four peaks for CuKi radiation for pure ZrO 2 and for 2, 4, 6, and 8 mole % MgO,
CaO, and YO. 5 stabilized ZrO 2. From this table it can be seen that the most in-
tense peaks of the cubic and tetragonal phases are very closely spaced in 26, and,
in most cases, would not be resolvable on the diffractogram. The resolution of the
two peaks is made more difficult by particle size broadening of the tetragonal peak
due to the fine size of the tetragonal precipitates within the cubic matrix and by
strain broadening due to the lattice mismatch between the cubic and tetragonal
cells. Because of the resolution problem, it could be difficult to determine if
there are two or three phases present in the sample. If three phases are present,
the equations for the calculation of the phase content used in the past are incor-
rect, as only two phases are assumed, and the intensity due to a third phase is
ignored.

Table B-I. CALCULATED INTERPLANAR SPACING AND PEAK POSITION FOR THE FIRST
FOUR PEAKS OF SEVERAL ZIRCONIA AriD STABILIZER SYSTEMS AT ROOM TEMPERATURE
FOR CuKo RADIATION

0

Pure Zirconia hkl d (A) 28 (degrees)
Monoclinic (111) 3.162 28.218
Tetragonal (101) 2.955 30.246
Cubic (111) 2.947 30.331
rionoclinic (11 ) 2.839 31.516

2 mole% 4 role% 6 mole% 8 mole%

d(A) 29 d (A) 28 d(A) 26 d(A) 26

MgO Stabilized
m(111) 3.166 28.817 3.165 28.198 3.163 28.029 3.163. 28.216
t(101) 2.953 30.265 2.952 30.277 2.951 30.288 2.949 30.306
c(l1l) 2.942 30.380 2.940 30.404 2.938 30.428 2.935 30.453
m(111) 2.981 31.942 2.839 31.511 2.838 31.524 2.837 31.538

CaO Stabilized
m(111) 3.164 28.209 3.160 28.238 3.157 28.268 3.154 28.299
t(101) 2.956 30.239 2.956 30.235 2.956 30.229 2.957 30.226
c(111) 2.949 30.306 2.950 30.294 2.952 30.276 2.953 30.264
r(11T) 2.842 31.477 2.843 31.471 2.843 31.465 2.844 31.459

YO Stabilized
mhl) 3.167 28.178 3.167 28.178 3.167 28.177 3.167 28.177
t(101) 2.956 30.232 2.957 30.220 2.959 30.220 2.961 31.184
c(111) 2.947 30.331 2.949 30.306 2.951 30.282 2.954 31.372
m(ll1 ) 2.844 31.449 2.846 31.428 2.849 31.401 2.851 31.372

Note: The lattice parameters used to calculate the d and 28 values in Table B-I
were obtained from a least-squares fit to lattice parameters given in
References B2, B3, and B5-B19.

In almost all previous work done on phase analysis of zirconia systems it has
been assumed that only two~phases were present, either monoclinic and cubic or
monoclinic and tetragonal. This assumption is not always valid, especially when
the thermal history of the sample is not known. If al 3three phases are present,
the original equations derived by Garvie and Micholson cannot be used.

*Porter and Heuer B 4 mention that -x-ray analysis of bulk samples could not be used for determining the presence or absence of
(O-ZrO' becaus of the overlap with peaks from the (c) matrie". They used selected area electron diffraction to determine the
phase content of their samples.

83. GARVIE. R.C.. and NICHOLSON. P.S. Phase ,lnal/yi s in Zirconia Systems J. Amer. Ceram. Soc.. v. 55. no. 6. 1972. p. 303-305.
B4. PORTER. D.L.. and HIEUER, A.H. Uicrstrt tural Devclopmont in JgO-Partiallv Stahili:ed Zirconma (.G-PSZ) J. Amer. Cer

Soc., v. 62. no. 5-6. I97Q. p. 298-405.
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The resolution between the tetragonal (101) and the cubic (111) peaks can be
increased by using CrKa radiation which has a longer wavelength than does CuKl
radiation. Table B-2 gives the peak positions for the four main peaks of pure ZrO2
and for 2, 4, 6, and 8 mole % ZrO 2 doped with MgO, CaO, and YO. for CrKa radia-
tion. As can be seen by comparing Tables B-I and B-2, the use o CrKa radiation
increases the angular difference between the peaks used to calculate the phase
content. Newer x-ray equipment often has the capability to step scan through the
angular range of the four main peaks. This data can be used to perform a pattern
decomposition and thus to determine the integrated intensity of all the peaks.

Table B-2. CALCULATED INTERPLANAR SPACING AND PEAK POSITION FOR THE FIRST
FOUR PEAKS OF SEVERAL ZIRCONIA AND STABILIZER SYSTEMS AT ROOM TEMPERATURE
FOR CrKa RADIATION

0

Pure Zirconia hki d (A) 28 (degrees)
Monoclinic (li) 3.162 42.477
Tetragonal (101) 2.955 45.614
Cubic (ill) 2.947 45.745
Monoclinic (111) 2.839 47.591

2 mle% 4 mole% 6 mole% 8 mole%

d(A) 28 d(A) 28 d(A) 28 d(A) 28

mgO Stabilized
m(111) 3.166 42.423 3.165 42.440 3.163 42.457 3.163. 42.468
t(101) 2.953 45.646 2.952 45.664 2.951 45.682 2.949 45.710
c(111) 2.949 45.711 2.950 45.692 2.952 45.663 2.953 45.645
m(llI) 2.841 47.560 2.839 47.590 2.838 47.609 2.837 47.632

CaO Stabilized
m(1ll) 3.164 42.456 3.160 42.502 3.157 42.549 3.154 42.596
t(101) 2.956 45.605 2.956 45.600 2.956 45.591 2.956 45.585
c(111) 2.949 45.711 2.950 45.692 2.952 45.633 2.953 45.645
m(111) 2.842 47.536 2.843 47.526 2.843 47.518 2.844 47.509

yo Stabilized
mfI~1) 3.167 42.410 3.167 42.410 3.167 42.410 3.167 42.408
t(101) 2.956 45.595 2.957 45.577 2.959 45.544 2.961 45.521
c(111) 2.947 45.749 2.949 45.711 2.951 45.673 2.954 49.635
m(ll1) 2.844 47.493 2.846 47.460 2.849 47.418 2.851 47.372

Note: The lattice parameters used to calculate the d and 28 values in Table B-2
were obtained from a least-squares fit to lattice parameters given in
References B2, B3, and B5-B19.

The measured integrated intensity of a powder x-ray diffraction peak can be

assumed to be:

I, - (K Ri Vi)/2 urm (Bl)

where K is a constant that includes machine parameters, Ri is the calculated intens-
ity of that reflection, Vi is the volume fraction of phase i, and um is the linear
absorption coefficient of the mixture. Ri is given as:

-2i

Ri I Fi p (B2)

vi2 / 1 sin 2i cosbi
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where vt is the unit cell volume of phase i, Fi is the structure factor, P is the
multiplicity of that reflection, 6 is the Bragg angle, and the exponential term is
the temperature factor, which can fe assumed to be similar for all three phases.
Since K and the linear absorption coefficient of the mixture are constant for any
one diffractogram and sample, Equation BI can be rearranged to give:

Vi - Ii/Ri

The total phase content of a three component sample is:

Va + Vt + Vc M I (B3)

where m, t, and c denote monoclinic, tetragonal, and cubic phases, respectively.
For the case where the tetragonal and cubic peaks can be resolved, the equations for
the volume fraction of the three phases present become:

I
V - (B3a)

Vt R (B3b)

V Vm (3c)

If the tetragonal (101) and the cubic (111) peaks cannot be resolved, then the
integrated intensity of the peak on the diffractogram is a sum of intensity of the
tetragonal (101) and cubic (111) peaks. In this case the volume fraction of phases
present in the sample must be given as that of monoclinic and Itetragonal + cubicJ,
and

Vm + Vt -l1 . (B4)

t c

Rearranging and solving for Vt4.c:

t+c

and

1
Vt+c " (B4a)

t c
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Table B-3 gives the calculated R values for the moinoclinic (111) and (111), tetra-
gonal (101), and cubic (111) peas f or both copper and chromium KG radiation. The
sum of the R values, as well as the sum of the integrated intensities, of the two
monoclinic peaks is used in the above equations.

Table B-3. THE R VALUES OF THE FOUR
PEAKS FOR CuKa AND CrKa RADIATION

R CUKG R CrK*

m0111) 124.92 35.59
W011) 187.96 73.96
C0111) 200.31 81.44
m(111) 102.10 23.74

The use of the rederived equations for calculating the phase content of the
zirconia sample gives more accurate results than use of earlier equations, as these
equations take into account the potential difficulty in resolving the two main peaks
of the tetragonal and cubic phases.

Note; Throughout this appendix, the pnimative setting of the tetragonal cell will be used.
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